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ZINC OXIDE FILMS CONTAINING P-TYPE 
DOPANT AND PROCESS FOR PREPARING SAME 

BACKGROUND OF THE INVENTION 

This invention is directed to zinc oxide (ZnO) films 
for use in electrically excited devices such as light 
emitting devices (LEDs) , laser diodes (LDs) , field effect 
transistors (FETs) , and photodetectors . More particularly, 
this invention is directed to ZnO films containing a p-type 
dopant for use in LEDs, LDs, FETs, and photodetectors 
wherein both n-type and p-type materials are required, for 
use as a substrate material for lattice matching to other 
materials in such devices, and for use as a layer for 
attaching electrical leads. 

For some time there has been interest in producing II- 
VI compound wide band gap semiconductors to produce 
green/blue LEDs, LDs and other electrical devices. 
Historically, attempts to produce these devices have 
centered around zinc selenide (ZnSe) or gallium nitride 
(GaN) based technologies. However, these approaches have 
not been entirely satisfactoiy due to the short lifetime of 
light emission that results from defects, and defect 
migration, in these devices. 

Recently, because ZnO has a wide direct band gap of 
3.3 eV at room temperature and provides a strong emission 
source of ultraviolet light, ZnO thin films on suitable 
supporting substrates have been proposed as new materials 
for light emitting devices and laser diodes. Undoped, as 
well as doped ZnO films generally show n-type conduction. 
Impurities such as aluminum and gallium in ZnO films have 
been studied by Hiramatsu et al . who report activity as n- 
type donors ( Transparent Conduction Zinc Oxide Thi n Films 
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Prepared hy XeCl RxrimPr L;..c^r- ziKi...-^^ j. vac. Sci . 
Technol. A 16(2) , Mar/Apr 1998) . Although n-type ZnO films 
have been available for some time, the growth of p-type ZnO 
films necessary to build many electrical devices requiring 
p-n junctions has to date been much slower in developing. 

Minegishi et al . (Growth of p-TvnP 7nO t.si^. k, . 
Chemical Vapor DeposiMon , jpn. j. Appl . Phys. Vol. 36 Ft. 
2. No. IIA (1997)) recently reported on the growth of 
nitrogen doped ZnO films by chemical vapor deposition and 
on the p-type conduction of ZnO films at room temperature. 
Minegishi et al . disclose the growth of p-type ZnO films on 
a sapphire substrate by the simultaneous addition of NH3 in 
carrier hydrogen and excess Zn in source ZnO powder. When 
a Zn/ZnO ratio of 10 mol% was used, secondary ion mass 
spectrometry (SIMS) confirmed the incorporation of nitrogen 
into the ZnO film, although the nitrogen concentration was 
not precisely confirmed. Although the films prepared by 
Minegishi et al . using a Zn/ZnO ratio of 10 mol% appear to 
incorporate a small amount of nitrogen into the ZnO film 
and convert the conduction to p-type, the resistivity of 
these films is too high for application in commercial 
devices such as LEDs or LDs. Also, Minegishi et al. report 
that the carrier density for the holes is 1.5 xlO" 
holes/cm\ The combined effect of the low carrier density 
for holes and the high value for the resistivity does not 
permit this material to be used in commercial light 
emitting devices or laser diodes. 

Park et al. in U.S. Patent No. 5,574,2 96 disclose a 
method of producing thin films on substrates by doping IIB- 
VIA semiconductors with group VA free radicals for use in 
electromagnetic radiation transducers. Specifically, Park 
et al. describe ZnSe epitaxial thin films doped with 
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nitrogen or oxygen wherein ZnSe thin layers are grown on a 
GaAs substrate by molecular beam epitaxy. The doping of 
nitrogen or oxygen is accomplished through the use of free 
radical source which is incorporated into the molecular 
5 beam epitaxy system. Using nitrogen as the p-type dopant, 
net acceptor densities up to 4.9x10^^ acceptors/cm^ and 
resistivities less than 15 ohm-cm were measured in the ZeSe 
film. The combined effect of the low value for the net 
acceptor density and the high value for the resistivity 

10 does not permit this material to be used in commercial 
devices such as LEDs, LDs, and FETs. 

Although some progress has recently been made in the 
fabrication of p-type doped ZnO films which can be utilized 
in the formation of p-n junctions, a need still exists in 

15 the industry for ZnO films which contain higher net 
acceptor concentrations and possess lower resistivity 
values . 



SUMMARY OF THE INVENTION 

Among the objects of the present invention, therefore, 

20 are the provision of a ZnO film . containing a high net 
acceptor concentration on a substrate; the provision of a 
process for producing ZnO films containing p-type dopants; 
the provision of a process for producing p-n junctions 
utilizing a ZnO film containing a p-type dopant; the 

25 provision of a process for producing homoepitaxial and 
heteroepitaxial p-n junctions utilizing a ZnO film 
containing a p-type dopant; and the provision of a process 
for cleaning a substrate prior to growing a film on the 
substrate . 

30 Briefly, therefore, the present invention is directed 

to a ZnO film on a substrate wherein the film contains a p- 
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type dopant. The film has a net acceptor concentration of 
at least about 10» acceptors/cm\ a resistivity less than 
about 1 ohm-cm, and a Hall Mobility of between about 0.1 
and about 50 cm^/Vs. 

The invention is further directed to a process for 
growing a p-type ZnO film containing arsenic on a GaAs 
substrate. The GaAs substrate is first cleaned to ensure 
that the film will have a reduced number of defects and 
will properly adhere to the substrate. After cleaning the 
temperature in the chamber is adjusted to between about 
300-C and about 450»C and the excimer pulsed laser is 
directed onto a polycrystalline ZnO crystal to grow a film 
on the substrate. The temperature of the deposition 
chamber containing the substrate coated with the film is 
then increased to between about 450°C and about 600°C and 
the substrate is annealed for a time sufficient to diffuse 
arsenic atoms into the film so as to produce a net acceptor 
concentration of at least about IQ- acceptors/cm^ in the 
film. 

The invention is further directed to a process for 
growing a p-type zinc oxide film on a substrate. The 
substrate is first cleaned to ensure that the film will 
have a reduced number of defects and will properly adhere 
to the substrate. After cleaning the substrate, the 
temperature in the chamber is adjusted to between about 
300OC and about 4500c, and a p-type zinc oxide film is grown 
on the substrate by directing an excimer pulsed laser beam 
onto a pressed ZnO powder pellet containing a p-type dopant 
to grow a p-type zinc oxide film containing a net acceptor 
concentration of at least about lo^^ acceptors/cm^ 

The invention is further directed to a process for 
preparing a p-n junction having a p-type ZnO film and an n- 
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type film wherein the net acceptor concentration is at 
least about 10^^ acceptors/cm*^ A substrate is loaded into 
a pulsed laser deposition chamber and cleaned to ensure 
that the film will have a reduced number of defects and 
5 will properly adhere to the substrate. The temperature in 
the deposition chamber is then raised to between about 300°C 
and about 450°C. Subsequently a p-type ZnO film having a 
net acceptor concentration of at least about 10" 
acceptors/cm^ is grown on the substrate by directing an 

10 excimer laser onto 'a pressed ZnO powder pellet containing 
the p-type dopant. Finally an n-type film is grown on top 
of the p-type film by directing an excimer laser beam onto 
a pressed ZnO pellet containing the n-type dopant. 

The invention is further directed to a process for 

15 preparing a p-n junction having a p-type ZnO film and an n- 
type film wherein the net acceptor concentration is at 
least about 10^^ acceptors/cm'^. A substrate is loaded into 
a pulsed laser deposition chamber and cleaned to ensure 
that the film will have a reduced number of defects and 

20 will properly adhere to the substrate. The temperature in 
the deposition chamber is then raised to between about 300^*0 
and about 450°C. Subsequently an n-type film is grown on 
the substrate by directing an excimer pulsed laser beam 
onto a pressed powder pellet containing an n-type dopant 

25 element. Finally, a p-type ZnO film is grown on the n-type 
film by directing an excimer pulsed laser beam onto a 
pressed ZnO powder pellet containing a p-type dopant 
element to a p-type ZnO film having a net acceptor 
concentration of at least about 10^^ acceptors/cm^. 

30 The invention is further directed to a process for 

cleaning a substrate prior to growing a film on the 
substrate. A substrate is loaded into a chamber, the 
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temperature is adjusted to between about 400»C and about 
SOO-C, and the chamber is filed with hydrogen to create a 
pressure between about 0.5 and about 3 Torr. The distance 
between a metal shutter in the chamber and the substrate is 
adjusted to between about 3 and about 6 centimeters and an 
excimer pulsed laser having an intensity between about 20 
and about 70 mJ and a repetition of between about 10 to 
about 30 Hz is directed onto the shutter for a period of 
between about 5 and about 30 minutes to clean the 
substrate. 

The invention is still further directed to a p-type 
film on a substrate wherein the film contains a p-type 
dopant element which is the same element as one constituent 
of the substrate. 

The invention is further directed to a process for 
preparing a p-n junction having a p-type ZnO film and an n- 
type ZnO film on a p-type doped substrate wherein the net 
acceptor concentration is at least about 10» acceptors/cm^ 
The process comprises adjusting the temperature in a pulsed 
laser deposition chamber to between about 300 and about 
450°C and growing a p-type ZnO film on the substrate by 
directing an excimer pulsed laser beam onto a pressed ZnO 
powder pellet containing a p-type dopant and growing an n- 
type film on top of the p-type film. 

The invention is further directed to a process for 
growing a doped ZnO film on a substrate. The process 
comprises adjusting the temperature in a pulsed laser 
deposition chamber to between about 300 and about 450-C and 
pre-ablating a polycrystalline ZnO crystal. Finally, an 
excimer pulsed laser beam is directed onto the 
polycrystalline ZnO crystal to grow a film on the GaAs 
substrate while a molecular beam containing a dopant is 
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simultaneously directed onto the growing ZnO film for a 
time sufficient to incorporate at least about 10^^ 
dopant /cm^ . 

Other objects and features of this invention will be 
5 in part apparent and in part pointed out hereinafter. 

BRIEF DESCRIPTION OF THE DRAWINGS 

Fig. 1 is a schematic diagram of a pulsed laser 
deposition system. 

Fig. 2 is a photoluminescence spectra at 20 ^'K of a ZnO 
10 film and an arsenic-doped ZnO film prepared in accordance 
with the present invention. 

Fig. 3 is a Secondary Ion Mass Spectroscopy (SIMS) 
plot of an arsenic doped ZnO film prepared in accordance 
with the present invention. 
15 Fig. 4 is an Atomic Force Microscopy image of a ZnSe 

film on a GaAs substrate wherein the substrate was cleaned 
using the cleaning process of the present invention. 

Fig. 5 is an Atomic Force Microscopy image of a ZnSe 
film on a GaAs substrate wherein the substrate was cleaned 
20 using a theormal process. 

Fig. 6 is a table showing various electrical 
properties of an aluminum doped ZnO n-type film. 

Fig. 7 is a current voltage measurement made on an 
aluminum doped ZnO -type film. 
25 Fig. 8 is a current voltage measurement made on an 

arsenic doped ZnO p-type film. 

Fig. 9 is a current voltage measurement made on a p-n 
junction. 

Fig. 10 is a schematic diagram of a p-n junction. 
30 Corresponding reference characters indicate 

corresponding parts throughout the drawings. 
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DETAILED nR.Sn^X^TTOM OF THF PRRFT^PPTrn ■^r.r.y.j,^^^ 

in accordance with the present invention, it has been 
discovered that ZnO fil„,s containing high levels of p-type 
dopants can be grown on substrates utilizing a pulsed laser 
deposition process alone or in combination with an 
annealing step. Surprisingly, the p-type dopant level 
achieved in the ZnO film is sufficient to allow the p-type 
film to be used to form p-n junctions useful in electrical 
and electroluminescent devices, for use as a substrate 
material for lattice matching to materials in such devices 
and for use as a desirable layer for attaching electrical 



leads . 



Referring now to Fig. i, there is shown a schematic 
diagram of a pulsed laser deposition system. Such a system 
is one method that can be utilized to grow ZnO films 
containing p-type dopants on suitable substrates. other 
methods Of growing ZnO films containing p-type dopants on 
substrates may include molecular beam epitaxy (MBE) , MBE in 
conjunction with laser ablation, and chemical vapor 
deposition (CVD) . Suitable p-type dopants for use in the 
present invention include Group 1 (also know as lA, which 
includes elements such as Li, Na, K, Rb, and Ca) , Group 11 
(also known as IB, which includes elements such as Cu, Ag 
and Au) , Group 5 (also known as VB, which includes element! 
such as V, Nb, and Ta) , and Group 15 (also, known as VA 
whxch includes elements such as N, P, sb. As, and Bi) , with 
arsenic being preferred. 

Again referring to Fig. i, there is shown a focusing 
lens 8 capable of directing an excimer laser beam lo 
through laser window 6 into pulsed laser deposition chamber 
2. The beam 10 can be directed onto either metal shutter 
4 or target 18 depending upon the desired processing step 
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The beam 10 impinges on either metal shutter 4 or produces 
an ablation plume of ZnO material from the target 18 and 
onto substrate 12 . During the process of growing ZnO 
films, gas inlet tube 14 allows gas 16 into the chamber 2. 
5 Before growth of the ZnO film on the substrate, the 

substrate should be cleaned in order to remove surface 
contaminants such as oxygen and carbon to minimize the 
number of defects in the film and to ensure maximum 
adherence of the film to the substrate. Conventional 

10 substrate cleaning techniques including wet chemical 
treatments, thermal cleaning, hydrogen atom plasma 
treatments, or any combination thereof can be used to 
sufficiently clean the substrate surface. In addition, a 
pulsed excimer laser, such as a pulsed argon fluoride 

15 excimer laser, can be used to clean the substrate in situ. 

To clean the substrate using a pulsed excimer laser, 
the temperature of the sxibstrate in the pulsed laser 
deposition chamber 2 is first adjusted to between about 
300°C and about 600''C, more preferably between about 4O0''C 

20 and about 500^C, most preferably to about 450''C, and the 
chamber 2 is filled with a gas such as hydrogen to create 
a pressure of between about 0.5 and about 3 Torr, 
preferably between about 1 to about 2 Torr. Referring 
again to Fig. 1, a metal shutter 4, which may be made from 

25 iron, for example, is inserted between the target 18 and 
the substrate 12 such that the substrate is positioned 
between about 3 and about 6 centimeters, preferably about 
4 centimeters, in front of the metal shutter 4. The 
focusing lens 8 is removed from the system, and an excimer 

30 laser beam 10, such as an argon fluoride excimer laser beam 
having an intensity of between about 20 and about 70 mJ, 
preferably about 50 mJ and a repetition rate of about 10 to 
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about 30 Hz, preferably about 20 Hz. is directed into the 
chamber 2 and onto the metal shutter 4 for a period of 
between about 5 and about 30 minutes, preferably about 10 



minutes 



During this, period of illumination of the metal 
shutter, the laser beam interacts with the metal shutter 
and creates excited hydrogen atoms, photoelectrons, and 
photons that effectively remove contaminants from the 
substrate surface. Using the pulsed excimer laser, the 
substrate surface can be effectively cleaned at a much 
lower temperature than that required by conventional 
techniques. The pulsed excimer laser cleaning process can 
be effectively utilized to clean GaAs. GaN, sapphire, and 
other substrates prior to the deposition of ZnO, ZnSe, GaN 
and other films. For example, Figs. 4 and 5 show Atomic 
Force Microscopy (AFM) images of the surface morphology of 
a ZnSe film on GaAs substrates. In Fig. 4, the GaAs 
substrate was cleaned prior to the deposition of the ZnSe 
film using the cleaning process described above. The 
deposited ZnSe film has a thickness of about 0.5 
micrometers and has only a root mean surface roughness of 
about 1.05 nanometers. m Fig. 5, the GaAs substrate was 
cleaned prior to the deposition of the ZnSe film by a 
thermal treatment process at a substrate temperature of 
about 570'C. The deposited ZnSe film has a thickness of 
about 0.5 micrometers and has a root mean surface roughness 
of about 6.65 nanometers. As indicated in Figs. 4 and 5, 
the cleaning process of the present invention leaves a much 
improved uniform surface for subsequent film growth. 

After the period of illumination is complete, the 
hydrogen gas is pumped out of chamber 2, and the 
temperature of the substrate is adjusted to between about 
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200*^0 and about lOOO^'C, preferably between about 250''C and 
about SOO'^C, and most preferably to between about 300^C and 
about 4 50°C, to grow the ZnO film. 

After the substrate has been cleaned and the 
temperature in the chamber adjusted, the focusing lens 8 is 
replaced, the metal shutter 4 is removed and the target is 
pre-ablated with a pulsed excimer laser having an intensity 
of between about 20 and about 70 mJ, preferably about 50 
mJ, and a repetition rate of between about 10 and about 30 
Hz, preferably about 20 Hz for a period of about 10 
minutes . 

After the pre -ablation is complete, the chamber 2 is 
filled with oxygen to a pressure of between about 20 and 
about 4 0 mTorr, preferably about 35 mTorr. The laser beam 
10 is directed through focusing lens 8 and laser window 6 
onto the target 18 to produce an ablation plume of ZnO 
material that is adsorbed onto substrate 12 . The target 18 
is between about 5 and about 10 centimeters, preferably 
about 7 centimeters from the substrate 12. Suitable 
targets for use in the present invention include 
polycrystalline ZnO and ZnO powder pellets containing a 
dopant . Suitable substrates for use in the present 
invention include gallium arsenide, sapphire, and ZnO. The 
laser beam 10 can have an intensity of about 90 mJ and a 
repetition of about 20 Hz, for example. The laser beam 10 
is directed at the target 18 for a period of about 0.5 to 
about 4 hours, preferably about 1 to about 2 hours to grow 
a ZnO film on substrate 12 between about 0.5 and about 3 
micrometers thick, preferably about 1 micrometer thick. 

In a particularly preferred embodiment of the present 
invention, the target 18 is polycrystalline ZnO, the 
substrate 12 is gallium arsenide, and the p-type dopant is 
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arsenic. if the growth of the ZnO film on the gallium 
arsenide substrate as described above occurred at a 
temperature of at least about 400''C, no further processing 
steps are necessary, and the ZnO layer will contain a net 
acceptor concentration of at least about 10" acceptors /cm^ 
preferably at least about 10" acceptors/cm^ more preferably 
at least about 10^' acceptors/cm^ and more preferably 
between about 10" and about 10" acceptors/cm^ as arsenic 
atoms will migrate from the gallium arsenide substrate into 
the ZnO film during the film growth at a temperature of at 
least about 400°C. Additionally, the film will have a 
resistivity of no more than about 1 ohm-cm, preferably 
between about 1 and about lO-* ohm- cm, and a Hall mobility 
of between about 0.1 and about 50 cm^/Vs. 

If the growth of the ZnO film on the gallium arsenide 
substrate occurs below about 400*'C, a further processing 
step (annealing) is required to diffuse arsenic from the 
substrate into the ZnO film. This annealing step consists 
of adjusting the temperature of the substrate in the 
chamber 2 to between about 450°C and about 600°C, preferably 
to about 500°C, and filling the chamber 2 with a gas such 
as oxygen at a pressure between about 0.5 and about 4 Torr, 
preferably about 1 to about 2 Torr. The gallium arsenide 
substrate is annealed for a period of between about 10 and 
about 60 minutes, preferably about 20 to about 3 0 minutes 
to produce a net acceptor concentration of at least about 
10" acceptors/cm^ preferably at least about 10'* 
acceptors/cm^ more preferably at least about 10" 
acceptors/cm% and most preferably between about 10" 
acceptors/cm^ and about 10" acceptors/cm^ from the substrate 
12 into the ZnO film. 
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Without being bound to a particular theory, in the one 
preferred embodiment when arsenic dopant from a GaAs 
substrate is caused to diffuse into a ZnO film, superior 
results are achieved due in substantial part to the fact 
5 that the p-type dopant elemental source is the substrate 
itself. The p-type dopant elemental source is therefore in 
intimate contact with the film, which facilitates diffusion 
more efficiently and to a greater degree as compared to 
processes in which the substrate is not the dopant source. 

10 In this particular embodiment, therefore, having the dopant 
source be the substrate facilitates achieving the 
improvements in net acceptor concentration, resistivity, 
and Hall mobility described herein. Also, the cleaning 
process as described herein utilized with the preferred 

15 film growing and annealing processes cleans the GaAs 
surface extremely well to remove contaminants such as 
carbon and oxygen without damaging the crystal structure. 
The clean, non-damaged surface allows the ZnO film to grow 
with improved crystal alignment and with a reduced number 

20 of defects. This cleaning process therefore further 
facilitates diffusion of arsenic more efficiently and to a 
greater degree, which results in improvements in 
structural, optical and electrical properties. 

In an alternative embodiment, ZnO films containing p- 

25 type dopants such as arsenic or n-type dopants such as 
aluminum can be grown on substrates such as ZnO, GaAs, GaN 
and sapphire using a process wherein an excimer pulsed 
laser beam is directed onto a pressed ZnO powder pellet 
while simultaneously directing a molecular beam of arsenic 

3 0 or aluminum onto the growing ZnO film from either a thermal 
evaporation source or an arsenic or aluminum containing 
gas. The substrate is held at a temperature of between 
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about 200°C and about 1000°C, preferably between about 300°C 
and about 450°C and is filled with oxygen at a pressure of 
about 20 mTorr and about 40 mTorr. A pre-ablation step may 
be employed on the ZnO target as described above. The 
combination of the required molecular beam flux and the 
length of time required for the molecular beam containing 
the dopant to be directed at the substrate is sufficient to 
achieve a net acceptor or donor concentration of at least 
about 10"/cm^ more preferably at least about 10"/cm^ still 
more preferably at least about 10"/cm', and still more 
preferably between about 10"/cm^ and about 10'Vcm\ 

In a further alternative embodiment, ZnO films 
containing p-type dopants such as arsenic on a substrate 
can be prepared using pressed ZnO powder pellets containing 
a p-type dopant as the target in the pulsed laser 
deposition chamber. This process does not require 
migration of the dopant from the substrate into the film, 
A ZnO film is grown on a suitable substrate using the 
pulsed laser deposition ■ method described above except that 
the target is a pressed ZnO powder pellet that contains a 
small amount of elemental p-type dopant. The amount of 
dopant, such as arsenic, required in the powder pellet to 
achieve a net acceptor concentration level of at least 
about 10" acceptors/cm\ preferably at least about 10" 
acceptors/cm', more preferably at least about lo" 
acceptors/cm^ and still more preferably between about 10" 
acceptors/cm^ and about 10" acceptors/cm^ is determined by 
measuring the amount of dopant in the ZnO film and 
adjusting the dopant level in the powdered pellet until the 
net acceptor concentration of at least about 10^^ 
acceptors/cm\ preferably at least about 10" acceptors/cm^ 
still more preferably at least about 10" acceptors/cm^ and 
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most preferably between about 10^^ acceptors/cm^ and about 
10^^ acceptors/cm^ is reached. For example, secondary ion 
mass spectroscopy (SIMS) can be used to determine the 
amount of dopant in the ZnO film. Additionally, Hall 
5 measurements in combination with electrical resistivity 
measurements can be used to determine whether the ZnO film 
is p-type or n-type, the net concentration of p-type or n- 
type carriers in the ZnO film, to determine the Hall 
mobility of the carriers, and to determine the electrical 

10 resistivity of the ZnO film. One skilled in the art will 
realize that the amount of dopant required in the powdered 
pellet may depend on numerous factors including operating 
conditions, distances from the target to the substrate, the 
size and shape of the chamber, as well as other variables 

15 during growth. 

The concentration of p-type dopant may be varied 
within the p-type film by using more than one target and by 
selecting the target source during growth that yields the 
desired acceptor concentrations in the ZnO film. Such 

2 0 variations may be desirable in order to prepare surfaces 
onto which electrical leads may be attached that have 
desirable electrical properties. 

Also in accordance with the present invention 
homoepitaxial and heteroepitaxial p-n junctions containing 

25 p-type doped ZnO films may be produced on suitable 
substrates such as gallium arsenide, sapphire and ZnO. It 
will be recognized by one skilled in the art that the terms 
''homoepitaxial" and "heteroepitaxial" are commonly used in 
the art interchangeably with homos tructural" and 

30 ''heterostructural , " respectively. The term 

homos tructural" is generally used when referring to 
structures wherein the materials have the same energy band 
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gap and "heterostructural" is generally used when referring 
to structures wherein the materials have different energy 
band gaps . 

The substrates may be doped with a p-type dopant to 
provide electrical contact to a p-n junction formed on the 
substrate. It will be recognized by one skilled in the art 
that an undoped substrate could also be used to grow a p-n 
junction on the undoped substrate. if the substrate is 
doped with a p-type dopant, such as zinc, the p-type layer 
is deposited on the p-type substrate, and finally the n- 
type layer is deposited on the p-type layer. Similarly, if 
the substrate is n-type doped then the n-type layer is 
deposited first and then the p-type layer. Such 
configurations avoid any p-n junction formation between the 
substrate and the first deposited layer. The substrates 
are generally doped with a p or n type dopant to create at 
least about 10^Vcm^ more preferably at least about 10"/cm^ 
still more preferably at least about 10"/cm^ and most 
preferably between about 10" and about 10"/cm^ It will 
again be recognized by one skilled in the art that if an 
undoped substrate is used, either the p-type or n-type film 
can be first grown on the substrate. 

To produce a homoepitaxial p-n junction, a p-type ZnO 
layer is first grown on the substrate utilizing a pressed 
ZnO powder pellet containing a p-type dopant such as 
arsenic as described above to obtain a net acceptor 
concentration of at least about 10^^ acceptors/cm% more 
preferably at least about 10" acceptors/cm^ still more 
preferably at least about lO" acceptors/cm^ and mosc 
preferably between about lO" acceptors/cm^ and about 10^^ 
acceptors/cm^ The concentration of p-type dopant may be 
varied across the p-type film by using more than one target 
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and by selecting the target source during growth that 
yields the desired acceptor carrier concentration in the 
ZnO film. Such variations may be desirable in order to 
prepare surfaces onto which electrical leads may be 
5 attached that have desirable electrical properties. 

To complete the homoepitaxial p-n junction, an n-type 
ZnO film is grown on top of the p-type ZnO film on top of 
the substrate. The n-type ZnO film is grown on top of the 
p-type ZnO film utilizing a pressed ZnO powder pellet 

10 containing an n-type dopant such as aluminum, gallium, or 
indium as described above to yield an n-type film having a 
net donor concentration of at least about 10^^ donors/cm\ 
more preferably at least about 10^^ donors/cm^ more 
preferably at least about 10" donors /cm\ and most 

15 preferably between about 10^^ donors/cm^ and about 10^^ 
donors/cm\ As with the p-type film, the concentration 
level of the n-type carriers may be varied across the film 
by employing more than one target . 

A heteroepitaxial p-n junction can also be produced in 

2 0 accordance with the present invention. To prepare a 
heteroepitaxial p-n junction, a p-type ZnO film is grown on 
a suitable substrate as described above and a film 
containing an n-type dopant is grown on top of the p-type 
ZnO film. In a heteroepitaxial p-n junction the values of 

25 the band gap energies of the p-type film and the n-type 
film are different. The n-type film, may be comprised of 
a ZnO based material for which the value of the band gap 
energy has been changed by addition of suitable elements, 
or the n-type film may be another material such as zinc 

30 selenide or gallium nitride. 

The use of heteroepitaxial p-n junctions prepared in 
accordance with the present invention provides additional 
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materials for p-n junction and device fabrication so as to 
achieve an expanded range of band gap energies, increased 
optical tuning ranges, increased device lifetimes, more 
desirable processing parameters and conditions, as well as 
other advantages that will be recognized by one skilled in 
the art. 

It will be recognized by one skilled in the art that, 
similar to the preparing of ZnO films on a substrate, the 
preparation of homoepitaxial and heteroepitaxial p-n 
junctions can be accomplished using additional techniques 
in place of pulsed laser deposition. other techniques 
include MBE, MBE with laser ablation, CVD, and MOCVD. It 
will also be recognized that devices having a more complex 
structure such as n-p-n transistors, p-n-p transistors, 
FETs, photodetectors, lattice matching layers, and layers 
on which electrical leads may be attached can easily be 
fabricated using the above-described techniques and 
processes . 

In accordance with the present invention, p-type ZnO 
material may be used as substrate material to reduce or 
eliminate problems associated with lattice mismatch. P- 
type ZnO material that has a sufficiently high net acceptor 
concentration and low electrical resistivity can be used 
for forming electrical contacts with desirable properties 
on devices. For example, a template p-type ZnO layer can 
be synthesized on two-compound semiconductor substrates 
such as GaAs. This template would provide a transition 
layer for growing epitaxial GaN-based materials with a 
density of defects that is lower than would occur in GaN 
films grown directly on GaAs . 

The present invention is illustrated by the following 
example which is merely for the purpose of illustration and 
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is not to be regarded as limiting the scope of the 
invention or manner in which it may be practiced. 

EXAMPLE 1 

In this example a ZnO film was synthesized on a 
5 gallium arsenide substrate and the film/substrate was 
annealed to diffuse p-type arsenic dopant from the 
substrate into the film to produce a p-type ZnO film on a 
gallium arsenide substrate. 

A gallium arsenide substrate having the shape of a 

10 thin wafer and being about 1 centimeter by about 1 
centimeter by about 0.05 centimeters was loaded into a 
pulsed laser deposition chamber, the temperature of the 
substrate set at 450^C, and the chamber filled with high 
purity hydrogen to a pressure of about 2 Torr. An iron 

15 shutter was inserted in front of the gallium arsenide 
substrate to create a separation distance of 4 centimeters 
between the substrate and the shutter. An argon fluoride 
excimer pulsed laser beam having an intensity of 50 mJ and 
a repetition rate of 20 Hz was directed at the metal 

20 shutter through a laser window and the shutter was 
illuminated for about 20 minutes to clean the substrate. 
Subsequently, the hydrogen was pumped out of the chamber, 
and the substrate temperature was decreased to about 300®C. 
After the substrate was cleaned, the metal shutter was 

25 removed and a focusing lens was inserted in front of the 
laser window to focus the laser beam. The polycrystalline 
ZnO target was pre-ablated with the excimer pulsed laser 
beam which was operating at an intensity of about 50 mJ and 
having a repetition of about 20Hz for a period of about 10 

30 minutes. High purity oxygen gas was then introduced into 
the chamber to create a pressure of about 35 mTorr. 
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The excimer pulsed laser beam, operating at an 
intensity of about 90 mj and a repetition of about 20 Hz, 
was then directed at the polycrystalline ZnO for a period 
of about 2 hours to grow a ZnO film having a thickness of 
about 1.0 micrometers on the substrate. 

After the film growth, the oxygen gas pressure in the • 
chamber was adjusted to about 2 Torr, and the tenperature 
of the substrate is increased to about 500 °C. The 
film/substrate was annealed for about 3 0 minutes to diffuse 
arsenic atoms from the substrate into the ZnO film. The 
annealing created an arsenic doped p-type ZnO film on the 
gallium arsenide substrate. 

Fig. 2 shows a photoluminescence spectra at 20°K of the 
ZnO film (solid line) and the arsenic-doped ZnO film (dots) 
prepared in this Example. The pumping excitation is from 
a pulsed nitrogen laser with a power density of 128 kW/cm^ 
The spectra shows that for the ZnO film the donor-bound 
excitonic peaks located at about 3.36 eV (3698 angstroms) 
are dominant. However, the arsenic doped ZnO film of the 
present example shows that the acceptor-bound excitonic 
peak located at about 3.32 eV (3742 angstroms) is the 
strongest peak. This feature of acceptor-bound excitonic 
peaks indicates that the acceptor density is greatly 
increased with arsenic doping, and the ZnO film becomes p- 
type. 

Fig. 3 shows a Secondary Ion Mass Spectroscopy (SIMS) 
plot of the arsenic doped ZnO film prepared in this 
Example. The plot shows the concentration in atoms/cm^ of 
arsenic as a function of depth from the surface of the 
arsenic doped ZnO film. This plot shows that the arsenic 
concentration is about 10" atoms/cm^ to about 10» atoms/cm^ 
throughout the film. 
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EXAMPLE 2 

In this example a p-n junction, such as the p-n 
junction shown in Fig. 10, was synthesized utilizing p- 
type and n-type ZnO material on a zinc doped gallium 
5 aresenide substrate. The electrical properties of the p- 
n junction were measured and electrical data gathered to 
demonstrate that the device fabricated shows p-n junction 
behavior. 

A zinc doped (0001) gallium arsenide substrate 

10 having the shape of a thin wafer and being about 1 
centimeter by about 1 centimeter by about 0.05 
centimeters was loaded into a pulsed laser deposition 
chamber. To clean the substrate the temperature was set 
at 450OC, and the chamber filled with high purity 

15 hydrogen gas to create a pressure of about 2 Torr. An 
iron shutter was inserted in front of the gallium 
arsenide substrate to create a separation distance of 
about 4 centimeters between the substrate and the 
shutter. An argon fluoride excimer pulsed laser beam 

20 having an intensity of about 50 mJ and a repetition rate 
of about 20 Hz was directed at the metal shutter through 
a laser window (in the absence of a focusing lens) and 
the shutter was illuminated for about 20 minutes to clean 
the substrate. Subsequently, the hydrogen was pumped out 

25 of the chamber, and the temperature in the chamber was 
lowered to about 400oc in preparation for film growth. 

After the substrate was cleaned, a focusing lens was 
inserted in front of the laser window to focus the laser 
beam onto the polycrystalline ZnO target. The 

30 polycrystalline ZnO target was pre-ablated with the 
excimer pulsed laser beam which was operating at an 
intensity of about 50 mJ and having a repetition of about 
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20Hz for a period of about 10 minutes. The metal shutter 
was in place between the target and the substrate to 
protect the substrate from contamination during pre- 
ablation. After the pre-ablation was completed, the 
metal shutter was removed and high purity oxygen was 
introduced as an ambient gas to create a pressure of 
about 40 mTorr during p-type film growth. 

The excimer pulsed laser beam, operating at an 
intensity of about 90 mj and a repetition of about 20Hz, 
was then directed at the polycrystalline ZnO for a period 
of about 2 hours to grow a ZnO film having a thickness of 
about 1.5 micrometers on the substrate. The separation 
distance between the substrate and the target was about 
7 cm. After the laser beam was shut off, the substrate 
temperature was adjusted to about 450oc and held for 20 
minutes in an ambient gas pressure of about 40 mTorr. 
Finally, the temperature was decreased to about 350oc, 
and the n-type layer growth steps initiated. 

For growth of the n-type layer on top of the p-type 
layer, the target was replaced with an alloy of ZnO and 
aluminum oxide (Al^Oj) wherein the Alp^ was about 2% by 
atomic weight. The metal shutter was placed between the 
target and the substrate, the temperature of the 
substrate adjusted to about 350oc, and the oxygen 
pressure adjusted to 40 mTorr. The laser was operating 
at an intensity of 50 mJ and a repetition rate of 20Hz. 
The target was pre-ablated for a period of 20 minutes. 

After pre-ablation, the metal shutter was removed 
and the laser beam adjusted to an intensity of 90 mJ with 
a repetition rate of 20Hz and was focused on the alloy 
target for a period of about 2 hours to grow a film 
having a thickness of about 1.5 micrometers. The 
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distance between the target and the substrate was about 7 
cm. After growth, the laser beam was shut off and the 
substrate having the p-type and n-type layer cooled to 
room temperature. 
5 Fig. 6 shows electrical properties of an n-type 

layer of an aluminum doped ZnO film grown on an undoped 
GaAs substrate utilizing the same process- described for 
growth of the n-type ZnO layer in Example 2. The data is 
presented over a range of magnetic fields from 1001 Gauss 

10 to 5004 Gauss as shown in the Field column at a 

temperature of about 290 Kelvin. The Hall Coefficient 
values are negative values throughout the entire Gauss 
range indicating that the net carrier concentration is 
negative and the material is n-type. The resistivity 

15 values are low and indicate that the n~type film has 

electrical conductivity properties sufficient for use in 
the fabrication of electrical devices. The carrier 
density values are negative indicating the film is n- 
type. Also, these values are above 10^®cm"^ which indicate 

2 0 that the carrier concentration is sufficient for use in 

electrical devices. Finally, the Mobility values are all 
negative and near the value of Icm^/volt-sec and indicate 
the film is n-type and has carrier mobility properties 
sufficient for fabrication of electrical devices. 

25 Fig. 7 shows a current -voltage measurement made on 

the aluminum doped ZnO film. Fig. 7 shows that the 
electrical current versus applied voltage approximates a 
straight line from about 8 volts negative to about 8 
volts positive (centered about zero) which demonstrates 

30 that the electrical behavior is that of an ohmic material 
and not a p-n junction device which would display 
rectifying behavior. 
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Fig. 8 shows a current-voltage measurement made on 
an arsenic doped ZnO film grown on zinc doped GaAs 
substrate using the same process as described for growth 
of the p-type ZnO layer in Example 1. Fig. 8 shows that 
the electrical current versus applied voltage 
approximates a straight line from about 0.6 volts 
negative to about 0.6 volts positive (centered about 
zero) which demonstrates that the electrical behavior is 
that of an ohmic material and not a p-n junction device. 
It will be recognized by one skilled in the art that for 
p-type material in contact with p-type material it is 
sufficient to measure current versus applied voltage in a 
more restricted range to demonstrate ohmic behavior. 

Fig. 9 shows a current -voltage measurement on the 
entire p-n junction of Example 2. the fact that the 
electrical current versus applied voltage rises above a 
straight line for applied voltages greater than 1 volt 
positive for this device and the fact that the electrical 
current versus applied voltage approximates a straight 
line for applied voltages to about 2 volts negative 
demonstrates that the electrical behavior of the device 
does not display the behavior of an ohmic material and 
does display the electrical characteristics of a 
rectifying device and a p-n junction. 

In view of the above, it will be seen that the 
several objects of the invention are achieved. 

As various changes could be made in the above- 
described process for preparing p-type ZnO films without 
departing from the scope of the invention, it is intended 
that all matter contained in the above description be 
interpreted as illustrative and not in a limiting sense. 
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WHAT IS CLAIMED IS: 

1. A ZnO film on a substrate, the ZnO film 
containing a p~type dopant and having a net acceptor 
concentration of at least about 10^^ acceptors/cm^ a 
resistivity no greater than about 1 ohm-cm, and a Hall 

5 Mobility of between about 0.1 and about 50 cm^/Vs. 

2. The film as set forth in claim 1 wherein the net 
acceptor concentration is between about 10" acceptors/cm^ 
and about 10" acceptors/cm\ the resistivity is between 
about 1 ohm-cm and about 10"^ ohm-cm, and the Hall 

5 Mobility is between about 0.1 and about 50 cm^/Vs. 

3. The film as set forth in claim 1 wherein the net 
acceptor concentration is at least about 10^^ 
acceptors/cm\ the resistivity is between about 1 ohm-cm 
and about 10"^ ohm-cm, and the Hall Mobility is between 

5 about 0.1 and about 50 cm^/Vs. 

4. The film as set forth in claim 1 wherein the 
p-type ZnO film has a thickness of between about 0.5 and 
about 3 micrometers. 

5. The film as set forth in claim 1 wherein the 
p-type dopant is arsenic. 

6. The film as set forth in claim 1 wherein the 
substrate is GaAs . 

7. The film as set forth in claim 1 wherein the 
p-type dopant is arsenic and the substrate is GaAs. 
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8. The film as set forth in claim 1 wherein the 
p-type dopant is selected from Group 1, ii, 5, and 15 
elements . 

9. The film as set forth in claim 1 wherein the 
film is incorporated into a p-n junction. 

10. The film as set forth in claim 1 wherein the 
film is incorporated into a field effect transistor. 

11. The film as set forth in claim 1 wherein the 
film is incorporated into a light emitting diode. 

12. The film as set forth in claim 1 wherein the 
film is incorporated into a laser diode. 

13. The film as set forth in claim 1 wherein the 
film is incorporated into a photodetector diode. 

14. The film as set forth in claim 1 wherein the 
film is incorporated into a device as a substrate 
material for lattice matching to materials in the device. 

15. The film as set forth in claim 2 wherein the 
p-type ZnO film has a thickness of between about 0.5 and 
about 3 micrometers. 

16. The film as set forth in claim 2 wherein the 
p-type dopant is arsenic. 
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17. The film as set forth in claim 2 wherein the 
substrate is GaAs. 

18 . The film as set forth in claim 2 wherein the 
p-type dopant is arsenic and the substrate is GaAs. 



19. The film as set 
p-type dopant is selected 
elements. 

20. The film as set 
film is incorporated into 

21. The film as set 
film is incorporated into 

22. The film as set 
film is incorporated into 

23 . The film as set 
film is incorporated into 

24. The film as set 
film is incorporated into 



forth in claim 2 wherein the 
from Group 1, 11, 5, and 15 

forth in claim 2 wherein the 
a p-n junction. 

forth in claim 2 wherein the 
a field effect transistor. 

forth in claim 2 wherein the 
a light emitting diode. 

forth in claim 2 wherein the 
a laser diode. 

forth in claim 2 wherein the 
a photodetector diode. 



25. The film as set forth in claim 2 wherein the 
film is incorporated into a device as a substrate 
material for lattice matching to materials in the device 

26. A process for growing a p-type ZnO film 
containing arsenic on a GaAs substrate in a pulsed laser 
deposition chamber, the process comprising: 



wo 00/08691 



PCT/US99/17486 



28 

cleaning the GaAs substrate; 

adjusting the temperature of the substrate in the 
pulsed laser deposition chamber to between about 300»C to 
about 450°C; 

pre-ablating a polycrystalline ZnO crystal; 

directing an excimer pulsed laser beam onto the 
polycrystalline ZnO crystal to grow a film on the GaAs 
substrate; 

increasing the temperature of the substrate in the 
pulsed laser deposition chamber to between about 450»C 
and about 600 °C; and 

annealing the ZnO coated GaAs substrate to diffuse 
at least about ixio'^ acceptors/cm^ from the GaAs into the 
ZnO film to produce an arsenic doped ZnO film. 

27. The process as set forth in claim 26 wherein 
the ZnO film has a thickness of between about 0.5 and 
about 3 micrometers. 



28. The process as set forth in claim 26 wherein 
the arsenic doped ZnO film has a net acceptor 
concentration of between about IxlO" acceptors/cm^ and 
about IxlO" acceptors/cm^ a resistivity of between about 
1 and about IxlO"" ohm-cm, and a Hall Mobility of between 
about 0.1 and about 50 cm^/Vs. 

29. The process as set forth in claim 26 wherein 
the arsenic doped ZnO film has a net acceptor 
concentration of at least about ixlO^^ acceptors/cm^ a 
resistivity of between about 1 and about ixio- ohm-cm, 
and a Hall Mobility of between about 0.1 and about 50 
cmVVs. 
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30 » The process as set forth in claim 26 wherein 
the substrate is cleaned in the pulsed laser deposition 
chamber using a pulsed excimer laser. 

31. The process for growing a p-type ZnO film on a 
substrate, the process comprising: 

cleaning the substrate; 

adjusting the temperature in the pulsed laser 
5 deposition chamber to between about 200^C and about 
lOOO^'C; and 

growing a p-type ZnO film on the substrate by 
directing an excimer pulsed laser beam onto a pressed ZnO 
powder pellet containing a p-type dopant to grow a p-type 
10 ZnO film containing at least about 10^^ acceptors/cm^ on 
the substrate. 

32. The process as set forth in claim 31 wherein 
the temperature in the pulsed laser deposition chamber is 
adjusted to between about 300°C and about 450 °C. 

33. The process as set forth in claim 31 wherein 
the p-type ZnO film has a thickness of between about 0.5 
and about 3 micrometers. 

34. The process as set forth in claim 31 wherein 
the p-type dopant is selected from group 1, 11, 5, and 15 
elements . 

35. The process as set forth in claim 31 wherein 
the p-type ZnO film has a net acceptor concentration of 
between about 10" acceptors/cm^ and about 10^^ 
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acceptors/cm^ a resistivity no greater than about 1 
ohm-cm, and a Hall Mobility of between about 0.1 and 
about 50 cm^/Vs. 

36. The process as set forth in claim 31 wherein 
the p-type ZnO film has a net acceptor concentration of 
at least about 10" acceptors/cm\ a resistivity no 
greater than about 1 ohm-cm, and a Hall Mobility of 
between about 0.1 and about 50 cmVVs. 

37. The process as set forth in claim 31 wherein 
the p-type dopant is arsenic. 

38. The process as set forth in claim 31 wherein 
the substrate is cleaned in the pulsed laser deposition 
chamber using a pulsed excimer laser. 

39. A process for preparing a p-n junction having a 
p-type ZnO film and an n-type film wherein the net 
acceptor concentration is at least about 10" 
acceptQrs/cm\ the process comprising: 

cleaning a substrate; 

adjusting the teinperature of the substrate in the 
pulsed laser deposition chamber to between about aoo'C to 
about 1000°C; 

growing a p-type ZnO film on the substrate by 
directing an excimer pulsed laser beam onto a pressed ZnO 
powder pellet containing a p-type dopant element to grow 
a p-type ZnO film containing at least about 10" 
acceptors/cm^ on the substrate; and 

growing an n-type film on top of the p-type ZnO film 
by directing an excimer pulsed laser beam onto a pressed 
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powder pellet containing an n-type dopant element to grow 
an n-type film on the p-type ZnO film. on the substrate. 

40. The process as set forth in claim 39 wherein 
the n-type film has a thickness of between about 0.5 and 
about 3 micrometers and the p-type film has a thickness 
of between about 0,5 and about 3 micrometers. 

41. The process as set forth in claim 39 wherein 
the p-type dopant element is arsenic and the n-type 
dopant element is aluminum. 

42. The process as set forth in claim 39 wherein 
the p-n junction is a homoepitaxial p-n junction wherein 
the p-type film consists of arsenic and ZnO and the 
n-type film consists of an n-type dopant element and ZnO. 

43. The process as set forth in claim 39 wherein 
the p-n junction is a heteroepitaxial p-n junction 
wherein the p-type film consists of arsenic and ZnO and 
the n-type film contains an n-type dopant and has an 

5 energy band gap different than ZnO. 

44. The process as set forth in claim 39 wherein 
the substrate is cleaned in the pulsed laser deposition 
chamber using a pulsed excimer laser. 

45. The process as set forth in claim 39 wherein 
the net acceptor concentration is at least about 10^^ 
acceptors/cm^ . 
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46. A process for preparing a p-n junction having a 
p-type ZnO film and an n-type film wherein the net 
acceptor concentration is at least about 10" 
acceptors/cm^ the process comprising: 

cleaning a substrate; 

adjusting the temperature in the pulsed laser 
deposition chamber to between about 200»C to about 1000°C; 

growing an n-type film on top of the substrate by 
directing an exciraer pulsed laser beam onto a pressed 
powder pellet containing an n-type dopant element to grow 
an n-type film on the substrate; 

growing a p-type ZnO film on the n-type film by 
directing an excimer pulsed laser beam onto a pressed ZnO 
powder pellet containing a p-type dopant element to grow 
a p-type ZnO film containing at least about 10" 
acceptors/cm^ on the n-type film. 

47. The process as set forth in claim 46 wherein 
the n-type film has a thickness of between about 0.5 and 
about 3 micrometers and the p-type film has a thickness 
of between about 0.5 and about 3 micrometers. 

48. The process as set forth in claim 46 wherein 
the p-type dopant element is arsenic and the n-type 
dopant element is aluminum. 

49. The process as set forth in claim 46 wherein 
the p-n junction is a homoepitaxial p-n junction wherein 
the p-type film consists of arsenic and ZnO and the 
n-type film consists of an n-type dopant element and ZnO. 
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50. The process as set forth in claim 46 wherein 
the p-n junction is a heteroepitaxial p-n junction 
wherein the p-type film consists of arsenic and ZnO and 
the n-type film contains an n-type dopant and has an 
energy band gap different than ZnO. 

51. The process as set forth in claim 46 wherein 
the substrate is cleaned in the pulsed laser deposition 
chamber using a pulsed excimer laser. 

52. The process as set forth in claim 46 wherein 
the net acceptor concentration is at least about 10" 
accept ors/cm^. 

53. A process for cleaning a substrate in a chamber 
prior to growing a film on the substrate, the process 
comprising : 

loading the substrate into the chamber and adjusting 
the temperature in the chamber to between about 400*^C and 
about 500**C; 

filling the chamber with hydrogen to create a 
pressure in the chamber of between about 0 . 5 and about 3 
Torr; 

adjusting the distance between a metal shutter in 
the chamber and the substrate to between about 3 to about 
6 centimeters; and 

directing an excimer pulsed laser beam having an 
intensity of between about 20 to about 70 mJ and a 
repetition of between about 10 to about 3 0 Hz into the 
chamber for a period of between about 5 and about 3 0 
minutes to illuminate the metal shutter and clean the 
substrate . 
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54. The process as set forth in claim 53 wherein 
the chamber temperature is about 450''C, the metal shutter 
is about 4 centimeters from the substrate, and an argon 
fluoride pulsed excimer laser having an intensity of 
about 50 mJ and a repetition of about 20 Hz illuminates 
the shutter for about 20 minutes to clean the substrate. 

55. A p-type film on a substrate wherein the film 
contains a p-type dopant which is an element which is the 
same as an element which is a constituent of the 
substrate . 



56. The p-type film as set forth in claim 55 
wherein the p-type film comprises ZnO, the substrate 
comprises GaAs, and the element which is the p-type 
dopant and a constituent of the substrate is arsenic. 

57. A process for preparing a p-n junction having a 
p-type ZnO film and an n-type ZnO film on a p-type doped 
substrate wherein the net acceptor concentration of the 
substrate and p-type ZnO film is at least about 10" 

5 acceptors/cm^ the process comprising: 

adjusting the temperature of the substrate in a 
pulsed laser deposition chamber to between about 200 and 
about lOOOoC; 

growing a p-type ZnO film on the p-type doped 

0 substrate by directing an excimer pulsed laser beam onto 
a pressed ZnO powder pellet containing a p-type dopant 
element to grow a p-type ZnO film containing at least 
about 10" acceptors/cm^ on the p-type doped substrate; 
and 
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growing an n-type film on top of the p-type ZnO film 
by directing an excimer pulsed laser beam onto a pressed 
powder pellet containing an n-type dopant element to grow 
an n-type film on the p-type ZnO film on the p-type 
substrate . 

58. The process as set forth in claim 57 wherein 
the substrate is cleaned prior to growing the p-type and 
n-type films. 

59. The process as set forth in claim 57 wherein 
the p-type dopant element of the film is arsenic, the 
n-type dopant element is aluminum, the substrate is GaAs, 
and the p-type dopant element of the substrate is zinc. 

60. The process as set forth in claim 57 wherein 
the p-n junction is a homoepitaxial p-n junction wherein 
the p-type film consists of arsenic and ZnO and the 
n-type film consists of an n-type dopant element and ZnO. 

61. The process as set forth in claim 57 wherein 
the p-n junction is a heteroepitaxial p-n junction 
wherein the p-type film consists of arsenic and ZnO and 
the n-type film contains an n-type dopant and has an 
energy band gap different than ZnO. 

62 . The process as set forth in claim 57 wherein 
the temperature of the substrate in the laser deposition 
chamber is adjusted to between about 400*^0 and about 450*^C 
and the p-type ZnO film is grown on the p-type doped 
substrate by directing an excimer pulsed laser beam onto 
a pressed ZnO powder pellet. 
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63. A process for growing a doped ZnO film on a 
substrate, the process conprising: 

adjusting the temperature of the substrate in a 
pulsed laser deposition chamber to between about 200°C and 
about lOOCC; 

preablating a polycrystalline ZnO crystal target; 

and 

directing the excimer pulsed laser beam onto the 
polycrystalline ZnO crystal target to grow a film on the 
GaAs substrate while simultaneously directing a molecular 
beam containing a dopant onto the growing ZnO film for a 
time sufficient to incorporate at least about 10^^ 
dopant/cm^. 



64. The process as set forth in claim 63 wherein a 
p-type ZnO film is grown on the substrate using a arsenic 
molecular beam wherein the p-type dopant is selected from 
the group consisting of Group 1, Group 11, Group 5, and 
Group 15 elements. 



65. The process as set forth in claim 63 wherein an 
n-type ZnO film is grown on the substrate using a 
molecular beam wherein the n-type dopant is selected from 
the group consisting of aluminum, gallium, and indium. 

66. The process as set forth in claim 63 wherein 
two doped ZnO films are grown on a substrate to form a 
p-n junction, the first doped ZnO film being p-type and 
being grown on the substrate and the second ZnO film 
being n-type and being grown on top of the p-type film. 
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67. The process as set forth in claim 63 wherein 
two doped ZnO films are grown on a substrate to form a 
p-n junction, the first doped ZnO film being n-type and 
being grown on the substrate and the second ZnO film 
5 being p-type and being grown on top of the n-type film. 
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A CROSS SECTION OF A ZnO P-N JUNCTION 



Au electrode 

Al-doped ZnO (n-type) - 1 nm 
As-doped ZnO (p-type) - 1 Mm 

Zo-doped GaAs (p-type) - 400 ijm 

Id electrode 



INTERNATIONAL SEARCH REPORT 



Inter* ^nal Application No 

PCT/US 99/17486 



According to intematlonal Patent ClassTicatibn (IPC) or to both national dassiflcatton and IPC 
B. FIELDS SEARCHED 



Minimum documamatlon searched (classification system foOowad by dass^tcatlon symbols) 

IPC 7 HOIL 



Documentation searched other than mfriimum documentation to the extent that such documents are included in the fields' 



searched 



aectronic data base consulted during the international search (narhe of data base and. where practical, search temis used) 



C. DOCUMENTS CONStDERED TO BE RELEVANT 



Category * 



Citation of document, with indication, where appropriate, of the relevant passages 



MINESGISHI K ET AL: "GROWTH OF P-TYPE 
ZINC OXIDE FILMS BY CHEMICAL VAPOR 
DEPOSITION" 

JAPANESE JOURNAL OF APPLIED 
PHYSICS, JP, PUBLICATION OFFICE JAPANESE 
JOURNAL OF APPLIED PHYSICS. TOKYO 
vol. 36, no. IIA, page L1453-L1455 
XP000834594 

ISSN: 0021-4922 
Cited in the application 
the whole document 



Relevant to daim No. 



"x] Further documents are Osted in the continuation of 



box C. 



□ 



Patent family members are Isted \n annex. 



Special categories of dted documents : 

"A" document defining the general state of the art which is not 
considered to be of particular relevarw 

"E* earlier document but published on or after the intematlonal 
fiUngdate 

n." document wWch may throw doubts on priority claintfs) or 
wiiich is dted to establish the publication date of another 
citation or other special reason (as specSied) 

"O" document referring to an oral disclosure, use, exhibition or 
other means 

■P" document published prior to the international filing date but 
later than the prioray date daimed 



T" later document published after the ^mational filing date 
or priority date and not in confDct with the ajsplicatlon bU 
cfied to understand the principle or theory undertylngthe 
invention 

documert of particular relevance; the claimed invention 
cannot be considered novel or canrwt t>e considered to 
involve an Inventive step wtien the document is taken aione 
"Y* document of partlcuiar relevance; the claimed Invention 
cannot be considered to Involve an inventive step when the 
document is combined with one or mora other euch docu- 
ments, such combination being obvious to a person skilled 
IntheaiL 

document mentf>er of ttie same patent famify 



Date of the actual completion of the intematlonai search 



30 November 1999 



Date of malDng of the intennaiional search report 

06/12/1999 



Mame and mailing address of the ISA 

European Patent Office. P.B. 5818 Patentlaan 2 

IML-2280HVRqswiik 
Tel. (+31-70)340-2040. Tx. 31 651 epo nl. 
Fax: (+31-70) 340-3016 



Authorized officer 



De Laere, A 



Fom PCT/fSA/210 (second cheet) (July 1992) 



page 1 of 2 



INTERNATIONAL SEARCH REPORT 



lnter» mal Application No 

PCT/US 99/17486 



C.(Contlnuatlon) DOCUMENTS CONSIDERED TO BE RELEVANT 



Category " CitaUon of document, with indlcatlon,whene appropriate, of the relevant passages 



Relevant to dalm No. 



CRACIUN V ET AL: "Growth of ZnO thin 
films on GaAs by pulsed laser deposition" 
THIN SOLID FILMS, CH.ELSEVIER-SEQUOIA S.A. 
LAUSANNE 

vol. 259*, no. 1, page 1-4 XP004004743 

ISSN: 0040-6090 
the whole document 

HIRAMATSU M ET AL: "Transparent 

conducting ZnO thin films prepared by XeCl 

exclmer laser ablation" 

EIGHTH CANADIAN SEMICONDUCTOR TECHNOLOGY 

CONFERENCE, 

vol. 16, no. 2, pages 669-673, 
XP000856168 

Journal of Vacuum Science & Technology A 
(Vacuum, Surfaces, and Films), March-April 
1998, AIP for American Vacuum Soc, USA 
ISSN: 0734-2101 
cited In the application 
abstract 



1.26 



1.26 



Fom PCT/ISAS1 0 (contfnuaflon of seeottd sheat) (July 1992) 



page 2 of 2 



THIS PAGE BLANK »»"0) 



